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Abstract
Electromagnetic non-destructive testing techniques provide an attractive solution to the problem
of monitoring microstructural changes in steels undergoing heat treatment as they are
non-contact, have a short response time and are relatively inexpensive. However, to take full
advantage of these techniques it is necessary to be able accurately measure the magnetisation
characteristics of the materials of interest at temperatures up to the Curie point. This paper
details the development of a novel high temperature Epstein frame for installation in a furnace
with the design informed and results validated by finite element modelling. Hysteresis loop
characteristics are successfully measured for a dual phase steel up to the Curie point for heating
and cooling. Results show the developed system has the potential to provide valuable data to
inform online electromagnetic monitoring systems.
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1. Introduction
In steel processing, metallurgists design and control thermal-
mechanical and/or thermal processing parameters, such as
reduction ratio, temperature, and time, to carefully develop
desired microstructures which define the mechanical proper-
ties of the final product. It would be hugely beneficial to mon-
itor and characterise microstructural changes on-line during
processing, allowing in-situ feedback control through non-
destructive methods.
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A number of NDT techniques such as x-ray, electromag-
netic and laser ultrasonic sensors [1–3] have been developed
for this purpose, each of them with their own advantages and
shortcomings. Electromagnetic (EM) techniques have attrac-
ted much attention for monitoring microstructure changes
below Curie point due to their advantages of being non-
contact, having a short response time and being relatively inex-
pensive [4–7].
Commercial EM sensor systems such as EMspecTM [4],
operating at a low applied magnetic field, exploit the dif-
ferences in relative permeability and electrical conductivity,
between different microstructural phases to provide informa-
tion on the transformed fraction. EMspecTM is used on-line, on
the run-out table of a hot strip mill to detect and monitor phase
transformation, with the steel being at high temperatures (typ-
ically 500 ◦C–750 ◦C) and the sensor positioned below the hot
steel and being water cooled [5].
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If EM inspection systems are to be accepted in hot steel
processing environments, including in-situ in heat treatment
furnaces, greater understanding of the results and therefore
greater confidence in these types of systems can be gained by
developing a full understanding of the induction versus field
strength (BH) characteristics of the specific structural steels
being processed at a range of temperatures up to the Curie
point.
The Epstein frame provides a standardised method for the
characterisation of the magnetic properties and calculation of
magnetic losses for soft magnetic materials such as grain ori-
ented or non-oriented electrical steels according to interna-
tional standards IEC 60404-2 [8, 9]. The Epstein frame con-
sists of a primary winding and a secondary winding with the
samples to be tested inserted in these windings acting as a core.
This arrangement forms an unloaded transformer from which
the magnetic properties of the samples can be measured. The
samples to be tested are arranged into a square, usually with
four samples per side with overlapping corner joints, forming
a closed magnetic circuit. The dimensions of the steel strips
are standardised at 280 mm × 30 mm × sample thickness.
By measuring the current applied to the primary via a current
sense resistor the applied field can be calculated. By measur-
ing the induced current of the secondarywinding, themagnetic
inductance can be measured [6].
Although Epstein frame measurements carried out in
accordance with IEC standards offer an excellent framework
for accurate, repeatable assessment of a material’s magnetic
properties, the limitations imposed by testing at high temper-
atures demand that a more pragmatic approach be taken. There
have been numerous attempts to implement this in recent
years. Foster [10] measured the core losses and hysteresis
losses of oriented silicon steels at 60 Hz up to amaximum tem-
perature of 200 ◦C using a standard Epstein frame configura-
tion. Messal et al [11] measured full BH loops on NiFe 80/20
alloy at 0.5 Hz up to 338 ◦C with a relatively low applied field
of 80 Am−1, though little detail is given regarding the meas-
urement apparatus. Mouillet et al and Akroune et al [12, 13]
measured the magnetic properties of non-oriented electrical
steels at frequencies of 50 Hz–2000 Hz using a modified
Epstein frame up to a maximum temperature of 220 ◦C. The
effects of excitation frequency, temperature, and strip angle
with respect to rolling direction on the measured magnetic
properties of grain oriented electrical steel using both full sized
and miniaturised frame configurations were investigated by
Cheng et al [14] at a relatively low temperature of 125 ◦C. A
much higher temperature of 600 ◦C was reached by Ababsa
et al [15]: a full sized frame constructed according to IEC
60404-2 [8] was used, built on a ceramic former with nickel
coated copper wires employed to avoid oxidation. Magnetic
measurements were carried out on grain-oriented electrical
steel in the 30–400 Hz frequency range with a relatively low
applied field of around 500 Am−1.
The BH characteristics of a variety steels, including struc-
tural steels, have been studied up to temperatures of 800 ◦C by
utilising toroidal samples wrapped with insulated primary and
secondary windings, also known as a Rowland ring [16–20].
Although this arrangement can provide accurate magnetic
measurements, and eliminates systematic errors associated
with Epstein framemeasurements due to the inhomogeneity of
the magnetic circuit caused by the double overlapping corners
[21], newmeasurement apparatusmust be constructed for each
material of interest. For comparative studies on a range of
materials, this would be a laborious process with the potential
to introduce errors through difficulties in sample machining,
inconstancies in coil winding, etc.
In contrast to much of the work carried out using Epstein
frames, the aim of the work described in this paper is the char-
acterisation of themagnetic properties of structural steels. This
brings an additional set of requirements to the design of the
equipment. Firstly, low frequency (⩽1 Hz) excitation must be
employed tominimise the influence of eddy currents and allow
the user to derive the true BH characteristics of the material.
To do this, primary coils with many more windings than those
used for their higher frequency (⩾30 Hz) counterparts must be
employed. Secondly, a higher applied field of several kAm−1
is needed to drive magnetically harder structural steels close
to saturation than is needed for the much magnetically softer
electrical steels commonly studied in these types of tests. The
remainder of this paper details the construction of a novel high
temperature Epstein frame taking these factors into account
and presents some preliminary results using dual phase struc-
tural steel samples at temperatures up to and exceeding the
Curie point.
2. Methodology and design constraints
Amajor requirement when designing the measurement equip-
ment was that the Epstein frame should fit inside the austen-
itic steel furnace annealing box made available for the tests,
measuring 380× 280× 200mm. Sufficient clearance between
the frame and the box, to insure that the induced eddy cur-
rent in the austenitic box do not influence the magnetic meas-
urements, is also required. Taking these factors into account,
the design shown in figure 1 was decided on. The design is
as large as can be accommodated by the annealing box while
allowing a minimum of 20 mm clearance between the coils
and the box on all sides. The frame is designed to accommod-
ate smaller samples than mandated by IEC standards, meas-
uring 200 mm × 20 mm × sample thickness. The annealing
box is equipped with a gas feed to supply argon gas during
the tests to minimise oxidation of both the samples and wires
making up the primary and secondary coils. A 10 mm dia-
meter tube leading from the interior of the box to the exter-
ior of the furnace is also included to allow the wires from the
frame to exit the furnace without being exposed to the furnace
atmosphere.
In order to accurately characterise the structural steels of
interest it is necessary to employ low frequency (⩽1 Hz) excit-
ation to minimise the influence eddy currents, along with a
relatively high applied field. This leads to a requirement to
develop a frame with a much higher primary coil turns density
than most of the previous work in this area [10–15, 22]. These
requirements are problematic for the selection of appropriate
wire for the apparatus. For the design shown in figure 1, it was
2
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Figure 1. Plan view of high temperature Epstein frame positioned in annealing box. Dimensions in mm.
Table 1. Electrical properties of wires at high temperatures.
Temp. coef. Resistivity Resistance of 87 m of Maximum Maximum
Melting of resistance coef. 1 mm Ø wire at current at applied field at
Material point (◦C) (ΩsΩ−1 ◦C−1) (Ωm2 m−1) 20 ◦C (Ω) 800 ◦C (Ω) 800 ◦C (A) 800 ◦C (kAm−1)
Copper 1083 4× 10−3 1.724× 10−8 2.5 9.6 1.04 1.83
Copper, 27% Ni clad 1100 3× 10−3 2.33× 10−8 3.3 10.5 0.95 1.67
Silver 951 6.1× 10−3 1.59× 10−8 2.3 12.4 0.81 1.42
Tungsten 3422 4.5× 10−3 5.65× 10−8 8.1 34.5 0.29 0.51
Molybdenum 2623 4.58× 10−3 5.20× 10−8 7.5 32.2 0.31 0.55
Tantalum 3017 3.8× 10−3 12.4× 10−8 17.6 66.6 0.15 0.26
determined that the coil formers could accommodate 600 turns
of 1 mm diameter wire with insulation. At an average coil dia-
meter of 40 mm, with 2 m lead wires, just over 87 m of wire is
required. Wire made from specialist high temperature mater-
ials is available; the melting points of molybdenum, tantalum
and tungsten are all in excess of 2500 ◦C, as shown in table 1.
Disregarding the high price, these make for attractive selec-
tions for the construction of a robust high temperature test rig.
However, the high resistance of these materials, especially at
high temperatures means that, using the equipment available
for these tests with a fixed maximum applied voltage of 10 V,
the maximum applied field would be below the coercive field
for most structural steels, even at room temperature, thus the
test would not give the ‘true’ full magnetic properties of the
materials of interest.
Previous high temperature frames [15] have employed
nickel coated copper wire in order to prevent oxidation of
the wire. Although nickel coated copper offers perform-
ance in terms of resistivity which is almost equivalent to
copper wire (see table 1), the ferromagnetic nickel coat-
ing introduces additional measurement uncertainties. As the
apparatus described here is designed to be used in an inert
atmosphere, the additional protection from oxidation was
deemed unnecessary. After taking factors of performance,
cost, availability, etc into account, silver plated copper wire
was chosen as a material which would mean that the mag-
netic properties of interest could be measured, albeit with the
risk of the wire failing at higher temperatures due to thermal
softening.
As shown in table 1 in order to apply a field of 1.83
kAm−1 at 800 ◦C, 200 windings per coil is needed. Tests
during the development of the equipment employed concent-
rically wound primary (200 turn) and secondary (100 turn)
coils. The diameter of the wire and the size of the coil formers
meant that it was necessary to tightly wind the coils, resulting
in a number of wire failures in the inner windings at higher
temperatures. The exact cause of failure is not certain, but it
seems likely that the wire tension coupled with the thermal
softening of the wire resulted in failure through creep mech-
anisms. For this reason, a simplified coil configuration was
employed, featuring four identical 200 turn coils. Three of
these coils are wound in series to provide excitation (primary
coils) and one is used to measure the flux density (secondary
coil).
3
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Figure 2. Comparison of silicon steel BH loops with Epstein frame
inside and outside austenitic annealing box.
The value of the applied field (H) and the flux density (B)
are calculated from the current applied to the primary coils
and voltage over the secondary coil respectively according to
procedures widely reported elsewhere [8, 9]. IEC standards [8]
dictate that a mutual inductor should be used to eliminate the
error due to the air flux introduced by the difference in area
between the sample and secondary winding. An estimation of
this error is given by:
Bmeas −Bsample = µ0 Hmax
Stot − S
S
where Bmeas(T) is the magnetic flux measured by the second-
ary winding, Bsample(T) is the magnetic flux in the sample, µ0
is the permeability of free space, Hmax (Am−1) is the value of
the applied field, Stot is the cross sectional area of the second-
ary coil (m2) and S is the area of the sample (m2) [8, 15]. For
the system described here, the maximum error has been calcu-
lated to be less than 2%, so for these tests the influence of air
flux has been disregarded.
Another potential source of error is the proximity of the aus-
tenitic furnace annealing box to the coils in the frame. This was
set at a minimum of 20 mm at the design stage (see figure 1).
A test was set up to verify if this clearance is sufficient, with
BH loops measured with the Epstein frame positioned outside
and inside the annealing box using 3.5 wt% SiM270 grade sil-
icon steel samples supplied by Cogent Power. The results of
the test are shown in figure 2. It can be seen from the plot that
the difference between the two measurements is very small,
well below the noise floor for the system.
3. FEM validation of proposed design
3D finite element models were developed using COM-
SOL Multiphysics to verify the simplified coil configuration
described in this paper (three primary/one secondary, shown in
figure 1) in comparison with the standard Epstein frame (four
Figure 3. BH curve for a pure iron sample at different temperatures,
data replotted from [20].
primary/four secondary coils [8]) across the required temper-
ature range. The geometry of the samples and coil setup are
the same as described earlier in this section and shown in
figure 1. The initial magnetisation curves used as inputs to the
models are taken from published literature [20] reporting BH
characteristics measured on a toroidal pure iron sample (Row-
land ring: external diameter 3.5 cm, internal diameter 3 cm,
height 0.4 cm) at different temperatures and are replotted in
figure 3.
The modelled magnetic flux density distribution in the
samples for the four primary/four secondary and the three
primary/one secondary coil configurations are shown in
figures 4(a) and (b), respectively. Flux distributions are shown
for a temperature of 23 ◦C at peak excitation current. As might
be expected, figure 4(a), showing the standard Epstein frame
configuration with a primary coil on each leg of the frame has a
reasonably uniform magnetic flux distribution for the volume
of sample under all the concentrically wound secondary coils.
It can be seen from figure 4(b) that for the three primary/one
secondary coil configuration, the flux density in the volume
under the secondary coil is slightly lower than the flux density
in the volume under the primary coils due to flux leakage.
Figure 4 shows the model output BH curves from the two
coil configurations at temperatures from 23 ◦C (figure 5(a)) to
751 ◦C (figure 5(d)). In both cases the flux density is calcu-
lated from the volume underneath the secondary coils. It can
be seen from the plots that at low applied fields (<200 Am−1),
the difference between the three and four primary coil design
is small, decreasing from 82 mT (23 ◦C) to 55 mT (751 ◦C)
at 200 Am−1. At higher applied fields (>200 Am−1), the dif-
ference in the flux density becomes larger, decreasing from
190 mT (23 ◦C) to 85 mT (751 ◦C) at 800 Am−1. The
largest difference in flux density between the two coil con-
figurations is 14.2% at 23 ◦C (at maximum flux density). The
maximum difference in flux density reduces to around 10%
as the temperature increases to 751 ◦C. Results show that
4
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Figure 4. Magnetic flux density distribution in two different Epstein frame configurations; (a) four primary/four secondary coils; (b) three
primary/one secondary coil.
Figure 5. Comparison of model output BH curves from three and four primary coil Epstein frame configurations at; (a) 23 ◦C, (b) 302 ◦C,
(c) 642 ◦C, and (d) 751 ◦C.
although the simplified three primary/one secondary coil con-
figuration does result in some measurement error, especially
at higher flux densities, errors are predictable and systematic
and decrease as temperature increases.
Figure 6 shows BH loops measured at room temperature
using the three primary/one secondary coil configuration and a
Brockhaus Epstein frame constructed according to IEC 60404-
2, driven by an MPG 200 Brockhaus Electrical Steel Tester.
The samples used in this test were 3.5 wt% Si M270 grade
silicon steel supplied by Cogent Power, cut to IEC standards
for the Brockhaus tester and 200 × 20 mm for the high tem-
perature frame. As predicted by the room temperature FEM
simulation shown in figure 5(a), there is very little difference
between the two plots at low applied fields but at higher fields
the difference in flux density increases, resulting in difference
of 13.8% at 1500 Am−1, very close to the maximum error of
14.2% predicted by the model.
4. Construction of high temperature Epstein frame
Figure 7(a) shows a single coil former for the frame. The coil
former is constructed from 120 mm sections of 30 mm dia-
meter aluminium oxide tube with aluminium nitride flanges
5
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Figure 6. Comparison of silicon steel BH loops from high temperature Epstein frame and commercial Epstein frame.
Figure 7. Construction of high temperature Epstein frame: (a) a single coil, (b) Epstein frame with layered samples inserted,
(c) thermocouple wire bonded to sample, (d) complete Epstein frame layered with Vitcas insulation boards.
attached. The tubes and flanges are bonded together with a
high temperature adhesive. The coil formers are wound with
200 turns of silver plated copper wire sleeved with insulation.
The insulating sleeving is 70% alumina, 30% silica and has
a maximum temperature of 1200 ◦C. The sleeving is used
primarily as an electrical insulator between the windings of
the coils. It is relatively thin, resulting in an overall diameter of
around 2 mm when used with 1 mm diameter wire; an import-
ant factor considering the relatively high turns density required
for this design. Previous unsuccessful tests had shown that
tight winding of the coils can result in failure of the internal
windings so the coil windings were kept loose, with wind-
ing layers separated by layers of high temperature ceramic
tape.
6
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Figure 8. Side view of arrangement of samples in Epstein frame. Dimensions in mm.
Figure 7(b) shows the four coils configured as an Epstein
framewith the samples inserted on each side. Samples are sup-
ported by blocks of Vitcas insulation, with the samples posi-
tioned in the centre of the coils. Thermocouple wire was bon-
ded to one of the samples, as shown in figure 7(c) to monitor
the sample temperature during the tests. The wires are posi-
tioned to measure the temperature at the centre of the sample.
Figure 7(d) shows the Epstein frame layered with sheets of
insulation. The two layers of insulation on the bottom provide
50 mm clearance between the bottom of the frame and the bot-
tom of the annealing box. There is one layer of insulation on
the top of the frame. Two bricks were placed on this to hold
the samples in place during the tests.
5. Test set-up
A commercial grade dual phase steel (DP600: 0.17 wt% C,
1.5–2.2 wt% Mn) supplied by Tata Steel, Europe was selec-
ted for the tests. The material was cut into 200 × 20 ×
2 mm pieces, with two pieces per side arranged as shown
in figure 8. When the samples were in-situ in the annealing
box, the samples were weighted down in the corners to help
prevent movement during the tests. The annealing box was
provided with a constant flow of argon gas at a flow rate of
400 cm3 min−1 throughout the test to prevent oxidation. The
furnace was set at a heating rate of 20 ◦C per minute with
the temperature controlled by the sample thermocouple. The
actual heating rate as measured by the thermocouple did not
exceed 10 ◦C per minute and was much slower approaching
the Curie temperature. Amaximum temperature of 783 ◦Cwas
reached during the test.
Data was acquired from the secondary coil and a current
sense resistor wired in series with the primary coil for 1 min
at 2 min intervals. A 1 Hz sinusoidal excitation waveform was
used in the tests, with 50 repetitions averaged for each meas-
urement to reduce noise. Data was acquired during the heating
and cooling stages.
6. Results and discussion
Figure 9 shows BH loops at selected temperatures during heat-
ing (figures 9(a) and (b)) and cooling (figures 9(c) and (d)). The
dominant effect of heating up to around 600 ◦C (figure 9(a)) is
a narrowing of the loop as the coercive field decreases along
with a large decrease in the maximum H value. The reduction
in the maximum H value is due to the nature of the excitation
electronics. A fixed voltage is applied and as the resistance
of the wire increases with increasing temperature, the current
through the primary coils decreases reducing the amplitude of
the applied field. As the temperature exceeds around 600 ◦C
the nature of the change in the BH loops is very different.
There is a rapid decrease in flux density (B) as the temperature
approaches the Curie point and the samples become paramag-
netic. At 783 ◦C the flux density reduces to near zero. The
change in the loops on cooling (figures 9(c) and (d)) follow a
similar trend to those during the heating stage.
Figure 10 shows two magnetic parameters extracted from
the BH loops shown in figure 9; coercivity (figure 10(a)) and
maximum permeability (figure 10(b)). These were selected as
representative of the magnetic parameters of interest for high
temperature steel processing applications [1–7], rather than the
usual power loss measurements of interest to Epstein frame
users looking at electrical steels at power frequencies. It should
be noted that due to the reduction in maximum H values with
temperature, there will be some distortion of these magnetic
parameters. These plots are not presented as absolute magnetic
measurements, rather as an illustration of the capabilities of the
developed system.
It can be seen from figure 10 that the coercivity and per-
meability plots follow somewhat different paths during heat-
ing and cooling. Intuitively, it might be expected that the
changes in these parameters would be symmetrical, but this
discrepancy can be explained in terms of the changes in mater-
ial microstructure at different stages of the test. The chem-
ical composition of the DP 600 sample has 0.17 wt% C. The
starting microstructure before the annealing test is around
20%martensite and 80% ferrite. Upon heating, the martensite
phase within the microstructure is tempered and an increase
in permeability is expected. When the temperature reaches its
highest point, 783 ◦C, about 71% of the ferromagnetic phases
have transformed into austenite (paramagnetic, permeability
= 1), hence a lower permeability is expected at this point.
Upon cooling, the austenite phase will transform back into
ferromagnetic phases, with a final microstructure phase mix
of 80% ferrite and 20% pearlite expected at room temperat-
ure. The non-equilibrium heating and cooling means the trans-
formation temperature to austenite on heating is higher than
the transformation temperature back from austenite to a fer-
romagnetic phase on cooling, this and the different second
7
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Figure 9. BH loops measured during heating and cooling: (a) heating from 33 ◦C to 597 ◦C, (b) heating from 597 ◦C to 783 ◦C, (c) cooling
from 783 ◦C to 604 ◦C, (d) cooling from 604 ◦C to 300 ◦C.
Figure 10. Parameters extracted from BH loops measured during heating and cooling: (a) coercivity and (b) maximum permeability.
phases (pearlite compared to tempered martensite) mean that
there is a lower maximum permeability value during the cool-
ing stage.
7. Conclusions
This paper details the development of an Epstein frame
designed to measure the magnetic properties of structural
steels at temperatures up to the Curie point. A simplified coil
configuration has been developed to deal with some of the
practical limitations presented by design constraints for the
equipment. The design is validated though finite element mod-
elling which shows that although the simplified configuration
does introduce some error to the B component of the measure-
ments, especially at higher flux densities, errors are predictable
and systematic with scope for error correction in future imple-
mentations of the equipment. To test the developed Epstein
frame, BH loops are measured for dual phase steel samples
heated to 783 ◦C. Coercivity and permeability values are
extracted from the loops and correlated with microstructural
changes in the material. The results of the test show that accur-
ate BH measurements up to the Curie point are possible using
the novel coil configuration.
8
Meas. Sci. Technol. 32 (2021) 125601 J W Wilson et al
Future work will be geared towards the generation of data
sets of full magnetic parameters (BH loop, permeability, coer-
civity, remanence, saturation magnetisation, etc) for a range
of Advanced High Strength Steels up to the Curie temperat-
ure. These data sets will inform the development and refine-
ment of online monitoring systems for high temperature steel
strip manufacture, feeding into forward models of magnetic
properties, model inversion for property characterisation and
interpretation of real world data.
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